Abstract. In order to quantify changes in export production and carbonate dissolution over the past 1 Myr in the central equatorial Pacific Ocean we analyzed Ba, P, A1, Ti, and Ca in 1106 samples from five piston cores gathered from 5øS to 4øN at 140øW. We focused on Ba/Ti, A1/Ti, and P/Ti ratios as export proxies and employed areally integrated time slice as well as time series strategies. Carbonate maxima from 0-560 kyr are characterized by 15-30% greater export than carbonate minima. The increases in export fall on glacial /5180 transitions rather than glacial maxima.
Chemical Tracers of Export Production
2.1.
Selection of Proxies
As with Murray et al.
[2000], we use elemental ratios based on three different chemical proxies of export production, namely, Ba, AI ...... and P. By studying elemental ratios and not absolute accumulation rates we avoid potential age model artifacts associated with changes in sedimentation rate. In using Ba as a proxy we exploit previous observations that demonstrate a strong tie between the formation of the mineral barite (BaSOn)in the water column and export production [Goldberg andArrhenius, 1958; Dehairs et al., 1980 Dehairs et al., , 1987 Dehairs et al., , 1990 Dehairs et al., , 1992 In using P we rely on previous observations correlating P distributions in marine sediments to productivity in the overlying water [Froelich et al., 1982; Filippelli and Delaney, 1992 , 1995 , 1996 ; Delaney, 1998, and references therein]. While recognizing that no single proxy is a "magic bullet," we capitilize on the strength that each of these proxies traces a slightly different aspect of export production, and thus by looking at the three in unison we minimize artifacts associated with any single one. . Thus, while AI/Ti is responding to export production in this environment, it remains unclear whether it is tracing bulk particle flux or the export of a specific component (e.g., diatoms). Finally, the diagenetically reactive nature of P [Froelich et al., 1982; Filippelli and Delaney, 1995, 1996; Delaney, 1998 ] means that absolute concentrations of P (and therefore ratios such as P/Ti) may be affected by diagenetic losses of labile P. These diagenetic resetting(s) may be not be linear in time and space.
We interpret our data set within the tolerance of these uncertainties. Limitations such as these are not unique to trace element proxies and do not overly handicap our interpretations. We feel our approach is valid given (1) the power of working with a very large data set spanning a meridional range and multiple glacial-interglacial cycles, (2) that we are working with three different proxies that each respond to a different aspect of upper water column biogeochemical cycling, and (3) that we are considering these proxies as a combined data set, allowing internal checks on our conclusions.
Proxy Normalization to Titanium

Concentration
Studying the down core distribution of the concentration of either Ba, AI, or P would largely only record dilution by the dominant component in the sediment, which in this case is CaCO 3. In order to account for dilution we normalized our elemental data to the concentration of Ti in the same sample. This allows a more accurate comparison of elemental changes because ratios of two variables are unaffected by dilution caused by a third. While it is common to use A1 for normalization, in sediments that have a large A1 ..... component this yields an erroneous result. Although use of Ti also assumes that all Ti is tied to the lattices of terrigenous phases, a portion of the Ti may also be adsorbed, given the particle reactive nature of [Ti] indicates that the bulk ratio is recording variability in the total Ba inventory that is greater than can be explained by changing only the relative input of terrigenous Ti. From the data below it will become clear that this and analogous arguments hold for A1/Ti and P/Ti as well. For A1/Ti in cores PC32 and PC18, in the Southern Hemisphere, this comparison must be used with ratios of Marquesas Islands material, rather than PAAS, for reasons discussed below.
Proxy Response Across Surface Sediment
Transect Murray et al. [2000] summarize data on the three proxies and how they relate to other parameters linked to export production in surface sediment along the cross-equator meridional transect (Figure 2 ). Because we rely on these surface distributions to justify the down core use of these proxies, we reiterate here several observations. First, as noted on a similar transect at 135øW [Murray and Leinen, 1993] , the meridional profile of the concentration of CaCO3 displays a stepped plateau of elevated values from ---5øS to 5øN (Figure 2) . In contrast to this presence/absence pattern of CaCO 3 concentration, the patterns of total productivity in the overlying water, seafloor phytodetritus [Smith et al., 1996] , bulk sedimentary accumulation rate [Murray and Leinen, 1993, 1996] 
Age Models and Stratigraphy
The age models for cores PC18 and PC72 were determined by correlating the SPECMAP stack of Imbrie et al. [1984] to the /5180 analyses of Cibicides wuellerstorfi. Isotopic analysis and development of the isotopic age models was performed at Oregon State University. For cores PC32, PC83, and PC114 the age models were determined at the University of Rhode Island by correlation of the CaCO 3 concentration profile to the isotopically constrained CaCO 3 concentration records of PC18 and PC72 [Knowlton, 1998 ]. On the basis of these age models and the sampling interval selected for this study it is apparent that the piston cores provide full coverage over the past 783-1045 kyr, with a temporal resolution of 3-6 kyr per sample (Table 1) .
In this paper we take a "time slice" and a "time series" approach to the data set. For the time slices (Table 2) (Table 2 ) and where possible avoided sampling the transitions into and out of the carbonate minima. For the carbonate maxima, these averages were determined with as many as 25 data points (e.g., stage B10 in core PC72). For the sharply defined carbonate minima, these averages were determined with as few as two data points (e.g., stage B9 in core PC72). In the very oldest records, sometimes only one data point exists for a given carbonate minimum. We chose to compare a given carbonate maximum with the immediately younger carbonate minimum rather than with the older one because it enables comparison of the last maximum to the surface sediment. We conducted sensitivity tests of our point selection schemes and determined that changes in the point selection make no difference in the overall patterns we observe. One of the strengths of the data set lies in its size; the selection of alternative data points (or older/younger comparisons versus younger/older) does not alter the results.
For the "time series" approach we investigate the record provided by core PC72, and use the temporal relationships between the elemental chemical ratios, percent CaCO•, and /5•aO to constrain the changes through time in export production, carbonate burial, and glacial-interglacial climate state. We have chosen this core because it has the highest resolution combined with the longest record of our sample set ( 
Inductively Coupled Plasma Emission Spectrometry (ICP-ES)
The concentrations of Ba, A1, Ti, and P in 1106 samples were measured by ICP-ES at Boston University, using a JobinYvon JY24 sequential spectrometer. For core PC32, Ca was Replicate calculations of the elemental ratios in these same JGOFS natural samples yield a precision of the ratios of BaJTi = 12.6 + 0.4 (3% of the measured value); A1/Ti = 32.1 _+ 1.4 (4%); and, P/Ti = 2.9 + 0.5 (22%). As discussed by Murray and Leinen [1996] , precision of these ratios is better than the sum of the precision of the individual elements since the processes that introduce uncertainty, such as weighing and dilution errors, act in the same direction for each element.
Samples were prepared and analyzed in different random orders so as to not introduce artifical down core trends. Although these estimates of precision indicate a well-constrained data set, they are worst-case values because they are based on replicate analyses tracking the 25-30 batches of samples prepared and analyzed over 2-3 years. Many variables that naturally occur in a laboratory over a several year period (e.g., multiple sets of calibration standards and different technicians) are quantified by these estimates.
Accuracy was ensured by multiple analyses of the SRM NIST-1C (an argillaceous limestone) provided by the National Institute of Standards and Technology (NIST) of the U.S. Government. Accuracy for A1 and Ti, including a study of the effect of the high concentrations of CaCO 3, was constrained as described by Murray and Leinen [1996] , and accuracy for Ba was constrained as described by Schroeder et al. [1997] . Accuracy for P is within precision of the measurement, and is within 10% of the accepted value. This provides additional information that our estimate of the P precision (-20% of the measured value) is in fact a worst-case approximation. Table 1 . An overall summary of the data set is provided in Table 3 The average concentration of terrigenous material is uniformly low, ranging from -1 wt % at 2øS and the equator and up to 4-8 wt % at the higher latitudes (Figure 3b ). Because this concentration is controlled by dilution of the terrigenous material by CaCO3, the gradient in maximum terrigenous wt % also shows the sharp peak at the lowest latitudes (inverted, in this case, owing to dilution).
Determination of the
The distributions of the summary values of the three proxies display many commonalities (Figure 3c-3e) . First, all patterns display the sharply peaked profile, not the stepped profile of CaCO•.
Second, the maximum values are consistently greater than the surface sediment. Third, the values of the proxies in the lower latitudes are consistently greater than the detrital averages. Fourth, the profiles of the minimum values appear different than the profiles of the averages or the maximum values. This is due in part to the presence of ash-rich intervals, as recorded by the Ti data, and will not be discussed.
Piston Core Summary: Five Cores
We present here a summary of the individual piston cores, emphasizing their similarities and contrasts. Although there is a wealth of information in each core, description of each one is avoided for brevity. In Figures 4-8 , the axes on each plot are scaled to show the maximum variation in a given parameter, while in Figure 9 all cores are plotted at a common scale. We will present time series analyses of the PC72 record later in this paper, and in the following passages use of the term "cyclicity" is meant only to informally describe graphically visual repetitive increases and decreases in a given record. Collectively, the data for each core indicates the following:
1. Despite the poorer resolution of the off-axis cores (e.g., PC32 and PCl14), the general patterns of percent CaCO3 varying with time are apparent at all latitudes. The average concentrations of percent CaCO3 are greatest at 2øS and at the equator, with the deepest minima appearing in the off-axis cores (PC32 and PCl14). Carbonate minima at least as old as B 11 (at 2øS) and stage M4 (or perhaps M5, at 2øN) are recognizable.
2. Superimposed upon the 100 kyr cyclicity in the percent CaCO3 records is a longer period cycle (lasting 500-600 kyr) centered on carbonate stages B14-B16. This is particularly developed in PC32 (5øS) but is observable to some extent in all cores (e.g., in PCl14 it is defined most clearly by variation in the minima in percent CaCO•). Excluding the concentrations in the minima, percent CaCO• concentrations are higher than in surface sediment at the same latitude at 2øS and the equator, are approximately the same at 2øN, and are 8. The absolute changes in the proxies appear greatest at 2øS and the equator, while the very large relative changes at higher latitudes (e.g., the nearly factor of 2 increase in Ba/Ti and P/Ti from 0-500 kyr in core PCl14 (4øN) (Figure 8 frame itself is high in export. The P/Ti record shows the greatest variability, even through the 560-800 kyr interval. The data set allows comparison of meridional gradients through time. Accordingly, we are able plot each cords time slice average (Table 2) 1. All three proxies consistently indicate that export production has always been greatest at the equator.
2. The meridional pattern is always an inverted "V" pattern, similar to that observed along the surface transect and unlike the presence/absence meridional gradient of percent CaCO3 (Figure 2) .
3. The B2 carbonate maximum (centered at 30 kyr) ( Table  2 ) appears to be similar to the average from the surface sediment.
4. Considering Ba/Ti and A1/Ti, from the B3 carbonate minimum to the B12 carbonate maximum (for AI/Ti and except for B9/B10) or the B14 maximum (for Ba/Ti), export production during carbonate maxima appears to be greater at essentially all latitudes, whereas from the older stages from B13 (for AI/Ti) or B15 (for Ba/Ti) to the oldest material recovered, there appears to be little or no contrast in export production.
5. The P/Ti record yields the greatest contrast in P/Ti between carbonate maxima and carbonate minima, with the carbonate minima recording extremely low relative P/Ti. 6. Much of the variability in the proxies appears to have the effect of geographically widening and narrowing the latitudinal width of export production, in that the greatest relative changes in the magnitude of a given proxy appear to occur at 2øS and 2øN, while the equator either increases modestly or not at all and the highest latitudes are relatively invariant. This phenomenon is most pronounced for Ba/Ti when comparing the changes between carbonate stages B 12 and B 11, B 14 and B 13, and M0 and B 17 (Figure 11 ), while for A1/Ti it is present between B5 and B6, B12 and Bll, B14 and B13, B16 and B15, and M0 and B17 (Figure 12 ). While we take care to not overinterpret this phenomena, it appears to be widespread. Weber and Pisias (1999), in an insightful study of ocean history in the Peru Basin, also documented glacial expansion and interglacial contraction of the equatorial upwelling system during many of these time periods.
Quantification of Variations in Export Production
The above discussions have been qualitative. The fivecore data set allows us to quantify, however, the total export production across the latitudinal range 5øS-4øN over the past -1 Myr, with respect to the modern values recorded by the surface sediment. This is achieved through use of the individual panels in Figures 11, 12, and 13 Results (Table 4) are expressed as a ratio of a given glacial carbonate stage to the next youngest interglacial carbonate stage (e.g., the sum of the two shaded areas in Figure 14 divided by the smaller darker shaded area). As was visually evident from examination of the individual cores (Figs. 4-8) and the time slices along the meridional transect (Figs. 11-13) , there are two main temporal domains, one younger than carbonate stage B13/B14 and the other older. In the younger domain, export production is, on average, 15% (using A1/Ti) or 31% (using Ba/Ti) greater during carbonate maxima than during carbonate minima, while in the older section export production appears to be, on average, 5% (using Ba/Ti) or 1% (using A1/Ti) greater during carbonate maxima. Given the intrinsic limitations of the database and proxies, we consider higher values during carbonate maxima) are the same as that provided by Ba/Ti and A1/Ti, the absolute magnitude of the areally integrated P/Ti response (a two-fold to four-fold increase) appears unrealistically large. We believe these values to be compromised by diagenetic regeneration of P. The alternative (that the P data set is relatively primary) would require that this large increase not be recorded in the more stable Ba and A1. While this is not impossible, it is improbable, considering the reactivity of elemental P in bulk sediment compared to the more refractory nature of both Ba and A1. The very low values of P/Ti during interglacial periods supports this interpretation; during these times of slower sedimentation the reactive P is more likely to be efficiently remobilized. Additionally, because CaCO 3 provides a strong template for the formation of authigenic carbonate fluorapatite, which is a sink for diagenetically released P [Filippelli and Delaney, 1996], the lower carbonate interglacials will have a lower retention of the primary P signal. These interpretations are also supported by the time series analysis of the variability of P/Ti and percent CaCO3 in core PC72, as will be discussed below.
Last, although the Ba/Ti-based results give consistently greater increases than the A1/Ti-based results, both ratios yield similar patterns of change through time (Figure 15a ). Both ratios also indicate that over the past 600 kyr export production during both glacial and interglacial periods has been lower than it has been over the past 0.3-1.0 kyr recorded by the surface sediment transect (Figure 15b) . Most of this difference is due to the changes at the higher latitudes; whereas at the equator only the carbonate minima record lower export through time, at the progressively higher latitudes both carbonate maxima and minima appear to have experienced lower export. This is most pronounced in the Southern Hemisphere. Therefore, we conclude that only through the 560-800 kyr period of time, in which occurred a broad increase in export production, has export in the equatorial Pacific approached or exceeded that of the Holocene (Figure 15b ). Recalling that diagenetic modification of the primary signal is likely to a certain degree, we nonetheless feel this overall trend is not a secondary overprint. Analogous to the fact that each proxy is responding to a different aspect of the water column biogeochemical cycling, each will also respond differently to diagenesis (e.g., Ba being affected by redox degradation of oxides, A1 .... potentially being affected by dissolution of opal, and P being affected by the degradation of Co•). That the proxies all provide similar records, and that these records also show increases at greater subseafloor depths rather than a consistent decrease with age to the bottom of each core, are most consistent with the collected patterns (particularly of Ba/Ti and A1/Ti) recording a dominantly primary signal.
Export Production and Dissolution
Over the Past 1 Myr
Magnitude of Increases in Export Production
The data derived from these five cores indicate that over the past 560 kyr export production throughout the equatorial upwelling region has been greater during the carbonatedefined glacial periods than during interglacials. While the records clearly show that not all periods behave identically, the pattern of greater export during carbonate maxima is robust. The areal integration indicates that from 5øS to 4øN during glacial time periods of the past 560 kyr, export production was, on average, 15-30% greater than during interglacial climatic conditions (Figure 15a and Table 4 The period from 800 to 560 kyr is markedly different from the younger record across the entire meridional transect. For example, at 5øS and 4øN, although the absolute magnitude of export production is relatively low compared to the lower latitudes (Figure 9) , export doubled or tripled over the background values at the same latitude (Figures 4 and 8) . The lower latitude cores also record a greatly increased frequency of variation. Considering the region on the whole, this requires an extremely large increase in export production from the previously low values (Figures 15b) [1997] also suggested there was no change in the mean ocean nutrient content during the isotopic shift, which implies that the large increase in export production in the equatorial Pacific Ocean during this period is not caused by the simple addition of nutrients to the global ocean. Thus, if the Pacific increase is indeed related to global MPT changes, it appears to require a strongly local response. Future studies will more specifically address the relative timing of these events and assess quantitatively whether the increase in export production we observe during and shortly after the MPT can realistically be linked to the changing ocean-atmosphere state through that time period. 
Increases in Export Production Occurring During Glacial Transitions
The time series analysis of core PC72 provides additional information regarding temporal variations in export production (Table 5 and 
Spatial Variability in Export Production
At all time periods, export production has been greater at the equator than at the higher latitudes in either hemisphere (Figures 11-13) . The overall inverted V pattern has been maintained over the past 1 Myr, and has been continually different from the meridional presence/absence pattern of percent CaCO 3 (Figure 2 ). The pattern of export production at high latitudes is dominated by the increase during and after the MPT followed by a long period of relatively little change until the last 100-150 kyr (Figures 4, 8, and 9) . The change through the MPT is not as dominant at the lower latitudes with respect to the entire time period because of the strength of the Milankovitch-scale cyclicity in export production at those locations. 
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When comparing glacial-interglacial variability in export production at any single location, it is not appropriate to use the areally integrated values derived above (e.g., Figure 14) . Instead, we need to document that at any one location there is a relationship between the proxies and export production. In order to achieve this we return to the surface sediment transects (Figure 2 ) and exploit the apparent linear response of both Ba/Ti and A1/Ti to surface water productivity ( Figure  17) . Because of this linearity we can convert changes in these proxies to changes in export at one location. Averaging values of both Ba/Ti and AI/Ti from the carbonate minima and maxima from-0 to 564 kyr as well as through the general 560-800 kyr increase (Figures 6 and 8) , and applying the regressions from Figure 17 , indicates that productivity at the equator (PC72) has increased during carbonate glacials relative to interglacials by 20-30% during the younger portion of the record and by 20-30% through the older portion. At 4N, these values are 10-15% and 10-20%, respectively. This confirms our previous observation that while there are large relative changes at higher latitudes, the greatest absolute change occurs nearest the equator.
Carbonate Dissolution: Temporal and Spatial Variability
These export production proxy records can be used to help explain not only the "productivity" contribution to these cycles but also the "dissolution" contribution. While there is little to no change in the absolute extent of paleoexport at the highest latitudes (e.g., Figure 9 ), it is precisely in these higher latitude cores that the greatest changes in percent CaCO3 are found (Figures 4-8) . Given that the overall absolute magnitudes of the export flux are uniformly low at these higher latitudes, however, it is unlikely that the small variations in absolute flux can be responsible for the extremely developed percent CaCO3 maxima and minima. This suggests that dissolution and preservation mechanisms are a stronger control on the percent CaCO• record at the highest latitudes than at the lower latitudes. In the absence of dissolution, changes in export alone at these high latitudes would require an unrealistic amplification of that export signal. Thus, although export clearly shows strong glacial increases at the higher latitudes, it appears that dissolution is a very important control on the percent CaCOs cyclicity there.
This The time series analysis of core PC72 also provides information relevant to carbonate dissolution (Table 5 and Figure 16 ). The patterns of P/Ti and percent CaCO• are closely related in the 100 kyr band (Table 5) , possessing some of the strongest coherencies of the entire database. As mentioned above, for independent reasons we interpret the P/Ti record to be influenced by diagenetic remobilization, perhaps more extensively so during interglacials. That P/Ti and percent CaCO• are strongly in phase in the 100 kyr band is consistent with both these records having an important component of dissolution being responsible for their paired variability. Because P/Ti and percent CaCO 3 display such similar records over the longer period, the cross-spectral relationships of Ba/Ti and A1/Ti to P/Ti and to percent CaCO 3 are also similar (Table 5) . Finally, at all latitudes the proxy records are characterized by maxima that are sharper than the flat plateaus of the percent CaCO 3 maxima as well as by minima that, conversely, are more broad than the deeply incised percent CaCO 3 minima. This phenomenon is consistent with dissolution increasing the degree of the primary low value of percent CaCO 3 that results from the overall low export production during interglacials (thus resulting in the more narrow and sharp percent CaCO 3 minima). Thus, the periods of time with low export are longer in duration than the sharp minima in percent CaCO3, while the periods of time with high export are shorter in duration than the broad plateaus of maximum CaCO 3. The significance of this pattern will be better assessed by future studies of the accumulation rates of the biogenic components in these cores.
Summary' Dynamic Changes in Export
Production and Dissolution
Our collected data set is best explained by a combination of the two end-member processes (changes in export production and changes in dissolution intensity) simultaneously operating, with each process being more important at various locations in time and space. We have shown that changes in export production have occurred at all latitudes along the 140øW meridional transect and that glacial climatic states are characterized by greater export production, particularly over the past 560 kyr. Maxima in export occur during glacial transitions and are not directly coincident with glacial maxima. Glacial increases over this time period indicate a 15-30% increase in export, areally integrated across the 5øS to 4øN transect, with the equatorial system often meridionally expanding during glacials. Values through the past 560 kyr indicate that export production was lower than values in the Holocene, even during glacial periods. The biogeochemical processes in the central equatorial Pacific Ocean, however, were significantly different during the early Brunhes and MPT, with greatly increased export at the higher latitudes and minimal or zero glacial-to-interglacial contrast in export production throughout the region.
Because the absolute magnitude of glacial-interglacial variations in export production is latitudinally dependent, with higher latitudes being characterized by large relative changes but minimal absolute changes, it is unlikely that the climatically linked changes in export are dominantly responsible for the extremely developed minima in percent CaCO 3 at 5øS and 4øN. At these higher latitudes, carbonate dissolution appears to be more important than changes in export.
